Ultrasound contrast agents are coated microbubbles with radii ranging from 1 to 10 ?m. Medical transducers typically operate at a single frequency, therefore only a small selection of bubbles will contribute to the nonlinear contrast through resonance. Thus, the sensitivity of contrast-enhanced ultrasound can be improved by narrowing down the size distribution. Monodisperse bubble can be formed in a flowfocusing geometry. However, it requires extensive skills in microfluidics technology and in surface chemistry. Here, we present a simple labon-a-chip technique to sort microbubbles on-line in a traveling ultrasound wave. A broad range of the parameter space of bubble size and frequency has been characterized to provide physical input parameters for a simple force balance model. We find good agreement for the modeled displacement as a function of the bubble radius for a range of sizes in the unbounded fluid. Within the confinement of the sorting chip we find good agreement for the resonance behavior and overall with a smaller displacement than predicted as a result of bubble-wall interactions.This novel sorting strategy may lead to an overall improvement of the sensitivity of contrast echo of at least one order of magnitude.
INTRODUCTION
Ultrasound is the most widely used medical imaging technique. It is based on scatter and reflection of sound from inhomogeneities in the tissue. Blood is a poor ultrasound scatterer, resulting in a low contrast echo. To enhance the visibility of the blood pool, microbubbles can be used as ultrasound contrast agent (UCA) [1] . The large compressibility of the gas core aids in the visualization and quantification of the perfusion of organs. Commercially available UCA are coated microbubbles with radii ranging from 1 to 10 µm (manufacturer-dependent size distribution). The resonance size of the bubbles determines the acoustic response of the agent. Due to the large size distribution resonance occurs only for a small selection of bubbles as clinical ultrasound systems operate at single frequencies bound by the type of ultrasound transducer. Thus, the sensitivity in diagnostic imaging can be improved by narrowing down the size distribution to resonant bubbles only. Monodisperse bubble suspensions can be realized in three ways: 1. a new monodisperse contrast agent can be developed, 2. a commercially available UCA can be filtered or 3. the microbubbles can be sorted.
Currently, monodisperse UCA's are not commercially available due to practical production difficulties. Flowfocusing techniques [2] have proven to be a versatile tool for highly controlled formation of monodisperse gas dispersions and emulsions. In a flow-focusing geometry a gas thread is focused in between an external liquid flow through a constriction (Fig. 1B) , where the gas is pinched off to release monodisperse bubbles. One interesting approach is to further investigate how these monodisperse bubbles could be coated with a phospholipid coating to make them suitable for medical imaging, in particular the dynamics of the coating material [3] .
Enrichment of available UCA's can be done by means of mechanical filtration. Bubbles can be filtered by a narrow-size pore filter, however this may result in bubble fragmentation and filter clogging. Moreover, bubbles not passing the filter cannot be reused. Contrast enrichment by means of mechanical filtration is therefore considered to be impractical.
Sorting methods are based on the directional forcing of bubbles. Bubbles of a different size experience a sorting force of different magnitude. A sorting method for UCA is reported by Goertz et al. [4] , who isolate smaller bubbles through decantation. The basis of this procedure is that gravitational forces are balanced by viscous drag forces; larger bubbles rise faster in a fluid due to a larger buoyant force. However, in practice this procedure is not very well controlled. Bubbles in an oscillating pressure field experience a force opposing the pressure gradient. A net acoustic force on a bubble in a traveling pressure wave, the primary Bjerknes force [5] , results from volume oscillations of the bubble and points into the direction of wave propagation. The magnitude of the radiation force is bubble sizedependent through resonance. Moreover, radiation forces at resonance are relatively large as compared to viscous drag forces, even at low acoustic pressures. Therefore, bubble sorting in a traveling pressure wave is a window of opportunity for controlled bubble sorting. Figure A shows a flow focusing geometry (see inset) connected to the main channel in which the bubbles are sorted in a traveling ultrasound wave produced by an embedded piezo transducer. This sorting chip was used with flow focusing geometries with orifice sizes of 20 µm and 3 µm. Figure B shows the channel geometry that was used for UCA bubble sorting. The UCA bubbles are focused between two co-flows to produce a bubble train in the center of the channel. Here, we present a novel lab-on-a-chip bubble-sorting method based on the acoustic forcing of microbubbles. A bubble in a traveling pressure wave experiences a net acoustic radiation force that pushes the bubble in the direction of wave propagation. The magnitude of the radiation force is bubble size-dependent through resonance; bubbles close to resonance experience the largest force. We use this acoustic radiation force to sort bubbles in a microfluidic channel made in polydimethylsiloxane (PDMS) with an embedded piezo transducer, see Fig. 1 .
We quantify the physical parameter space of the bubble-sorting device first by scaling up the problem by one order of magnitude to minimize the effects of diffraction and Mie scattering typically experienced in contrast bubble sizing. Secondly, the bubbles are produced in a flow focusing geometry and are characterized in the unbounded fluid to provide physical input parameters for a model consisting of a Rayleigh-Plesset-type model for the radial dynamics coupled to a translation equation. The translation equation consists of the instantaneous radiation force, the drag force and the added mass force. We find good agreement for the modeled displacement as a function of the bubble radius for a range of sizes in the unbounded fluid. Within the confinement of the sorting chip we find good agreement for the resonance behavior, see Fig. 3A . Quantitatively, the overall displacement is smaller than predicted, possibly as a result of bubble-wall interactions.
Next, we design a sorting device with a smaller flow focusing geometry and show that sorting of bubbles with a size similar to those of UCA is feasible, see Fig. 3B . Finally, we show that UCA bubbles can be sorted with this novel sorting strategy. We focus them hydrodynamically between two co-flows to produce a bubble train with large enough spacing between the bubbles to minimize bubble-bubble interactions (Fig. 1B) . We find good agreement for the resonance behavior predicted by the Marmottant et al. model [6] using typical shell parameters adapted from literature [7] . Parallelization of this novel sorting method may lead to an overall improvement of the sensitivity of contrast-enhanced medical ultrasound by at least an order of magnitude. 
